Interactions between species and their environment play a key role in the evolution of diverse communities, and numerous studies have emphasized that interactions among microbes and among trophic levels play an important role in maintaining microbial diversity and ecosystem functioning. In this study, we investigate how two of these types of interactions, public goods cooperation through the production of iron scavenging siderophores and predation by the social amoeba Dictyostelium discoideum, mediate competition between two strains of Pseudomonas fluorescens that were co-isolated from D. discoideum. We find that although we are able to generally predict the competitive outcomes between strains based on the presence and absence of either D. discoideum or iron, predator-by-environment interactions result in unexpected competitive outcomes. This suggests that while both cooperation and predation can mediate the competitive abilities and potentially the coexistence of these strains, predicting how combinations of different environments affect even the relatively simple microbiome of D. discoideum remains challenging.
INTRODUCTION
Interactions within and between microbial species play an important role in mediating competition and shaping their evolutionary histories. These types of interactions range from producing antimicrobial compounds that kill potential competitors to cooperatively scavenging poorly accessible nutrients such as iron from the environment and have been implicated in a number of important evolutionary processes such as generating and maintaining diverse microbial communities (Kerr et al., 2002; Kirkup and Riley, 2004; Cordero et al., 2012a,b; Biernaskie et al., 2013; Coyte et al., 2015; Inglis et al., 2016; Leinweber et al., 2017) .
One key mechanism that has been shown to influence microbial interactions and competition between species is predation (Meyer and Kassen, 2007; Jousset et al., 2009; Ishii and Shimada, 2012; Friman et al., 2013) . Predation is able to increase microbial diversity through adaptive radiations caused by frequency dependent selection where predators evolve to be best at hunting and eating the most common type (Meyer and Kassen, 2007) . Conversely, predation can also be important in preventing the spread of new genetic mutants such as microbial cheaters, if the cheaters that no longer produce anti-predator toxins are preferentially eaten (Jousset et al., 2009; Friman et al., 2013) . This suggests that predation can have a variety of effects on both interacting microbes and complex microbial communities. Interactions between trophic levels may therefore play a key role in determining the species composition of diverse populations of interacting microbes.
Complex trophic interactions have previously been illustrated in the social amoeba Dictyostelium discoideum, which eats a variety of soil bacteria and forms symbiotic relationships with a number of different bacterial species (Brock et al., 2011; DiSalvo et al., 2015) . D. discoideum is found on the forest floor, where it inhabits the soil and leaf litter. D. discoideum's primary food source is bacteria which it predates on during its vegetative growth stage as single celled amoebae. During this feeding stage D. discoideum comes into contact with a number of different soil associated bacteria and has been shown to form symbiotic relationships with a number of different Burkholderia species and Pseudomonas fluorescens Stallforth et al., 2013; DiSalvo et al., 2015) . In these symbioses, the amoebas disperse the bacteria to new locations, while the bacteria provide food or other services to the amoebas (Brock et al., 2011 (Brock et al., , 2016a Stallforth et al., 2013; DiSalvo et al., 2015) . These symbioses are thought to be mostly driven by the presence of certain Burkholderia (DiSalvo et al., 2015) , but these Burkholderia allow D. discoideum to also carry other bacterial species such as P. fluorescens that can act as important sources of food and produce beneficial compounds for D. discoideum (Stallforth et al., 2013) . For example, P. fluorescens strains PfA-QS161 (Pf2) and PfB-QS161 (Pf3) have both been cultured from the same clonal isolate of D. discoideum (Stallforth et al., 2013 ; Table 1 ). Pf3 acts as a food source and Pf2, though inedible, produces small molecules beneficial to the amoebae (Stallforth et al., 2013) . Interestingly, previous work suggests Pf3 differs in its edibility and chemical profile due to a single mutation in the GacS/GacA two-component regulatory system and phylogenetic analysis shows that it is likely to be derived from Pf2 (Stallforth et al., 2013 ; Table 1 ). However, these two strains differ by at least 135 other SNPs (Stallforth et al., 2013) , suggesting that this association has continued for some time, even though both strains can also grow independently.
GacS/GacA mutants are fairly common in the environment (Jousset et al., 2009; Driscoll et al., 2011) and have a disrupted environmental sensing system, which can lead gene expression changes for up to 10% of the genome (Hassan et al., 2010) . The loss of GacS/GacA function often involves regulatory changes to extra-cellular products and loss of secondary metabolism (van den Broek et al., 2005) . This is accompanied by an increase in growth compared the wild-type strain, which may allow better colonization of new environmental niches (van den Broek et al., 2005) . In Pf3 this loss of function in GacS/GacA system results in the increased expression of pyochelin, an iron-chelating siderophore that acts as a cooperative public good (Dumas et al., 2013; Stallforth et al., 2013) . From an evolutionary perspective this is interesting, because selection appears to have favored a macro-mutation that affects a great many traits. However, from an ecological standpoint some of these changes may provide the niche differences that may facilitate coexistence between these strains.
We therefore sought to test whether environmental conditions pertinent to the difference in GacS/GacA expression, such as presence or absence of iron and predation by D. discoideum, can explain the competitive abilities of these two strains. Taking these environmental factors singly, we can make the following predictions (see also (Stallforth et al., 2013) . 1b. Absence of D. discoideum should favor Pf3, assuming predator defense is costly (Steiner, 2007; Jousset et al., 2010) . 2a. Iron-rich medium should favor Pf2, assuming the production of siderophores by Pf3 is costly (Ross-Gillespie et al., 2007; Kummerli and Brown, 2010) . 2b. Iron-poor medium should favor siderophore-producing Pf3 when the two clones are grown separately, but when they are grown mixed together, Pf2 should do better by gaining the benefit of Pf3's siderophores without paying the cost (Griffin et al., 2004) .
We tested these predictions in a fully factorial design varying (1) presence or absence of D. discoideum (2) iron-rich or ironpoor media and (3) whether the P. fluorescens strains are grown separately or mixed together. Figure 1 shows the design. Where both factors predict that one the two clones should do better (e.g., D. discoideum + and Iron + both favor Pf2) then we predict that clone will outcompete the other (shown in Figure 1 as red for Pf2 or blue for Pf3). When one factor favors one clone and the other factor favors the other clone (such as D. discoideumand Iron +), we make no prediction (shown as purple) but the outcomes might show interesting interactions. A final prediction concerns the genetic basis of these competitive abilities. If the GacS/GacA regulatory system is responsible then a mutant of Pf2 with a defective in GacS/GacA would act similarly to Pf3 in all environments.
MATERIALS AND METHODS

Strains and Culture Conditions
In order to investigate how predation affects bacterial social interactions we used a naturally isolated D. discoideum QS161 which we isolated from forest soil at Mountain Lake Biological Station and two strains of the bacterium P. fluorescens Pf2 (previously referred to as PfA) and Pf3 (previously referred to as PfB) isolated from QS161, as described in Stallforth et al. (2013) ( Table 2 ). The chemical profiles and edibility of Pf2 and Pf3 can presumably be attributed a single stop-codon in the GacS/GacA regulatory system of Pf3, which causes the loss of a highly conserved DNA binding domain of the gacA gene. We therefore also made use of a previously constructed Pf2 strain with a deletion of the gacA gene (Pf2 gacA) (Stallforth et al., 2013) to test whether competitive differences between Pf2 and Pf3 could be explained by this mutation alone. In order to distinguish between these strains during competition assays, we tagged both Pf3 and Pf2 gacA with a chromosomal insertion of YFP (attTn7::e-yfp) which allowed us to distinguish these strains when competed against an untagged Pf2, and used these strains for all subsequent experiments (Choi and Schweizer, 2006) . We TABLE 1 | An outline of the experimental conditions (i.e., with our without iron, with or without D. discoideum, and with or without direct interactions between strains), the predicted strain that should win the competition, the actual outcome, and a brief explanation of the results.
Grown Separately
Grown Together Reason: Increased growth presumably due to gacA mutation as observed in Pf2 gacA.
Reason: Increased pyochelin production in Pf3.
Reason: Increased growth presumably due to gacA mutation as observed in Pf2 gacA.
Reason: Pf2 utilizes the pyochelin produced by Pf3.
FIGURE 1 | A cartoon schematic of the experimental design. Bacterial strains were grown either separately or together in iron-rich and iron limited media (as represented by the gray diamond), in both the presence and absence of D. discoideum (as represented by the green amoeba). Colors of the petri dish refer to which strain we predict to win the competition between strains based on their competitive abilities as outlined in with 100 ul of Klebsiella pneumoniae, diluted to an OD 600nm of 1.5, and incubating at room temperature. All three strains of P. fluorescens (Pf2, Pf3, and Pf2 gacA) were grown from frozen glycerol stocks in LB broth (Fisher Scientific) shaking at 220 rpm at room temperature.
Measuring Iron-Chelating Ability
Previous work has identified that P. fluorescens strains Pf2 and Pf3 differ in their production of the iron-chelating siderophore, pyochelin. We therefore, first tested whether the production of pyochelin in Pf3 results in an increased ability to chelate iron from its environment (Supplementary Figure S1 ). We measured each strain's relative ability to chelate iron by growing six replicate populations (Pf2, Pf3, and Pf2 gacA) in iron limited CAA media [5 g casamino acids, 1.18 g K 2 HPO 4 * 3H 2 O (Sigma-Aldrich), 0.25 g MgSO 4 * 7H 2 O (Sigma-Aldrich) per liter supplemented with 20 mM NaHCO 3 (Sigma-Aldrich) and 100 µg/ml human apo-transferrin (Sigma-Aldrich)] shaking at room temperature for 24 h. We then performed a modified chrome azurol S (CAS) assay in order to measure the overall iron-chelating ability of each strain (Schwyn and Neilands, 1987; Inglis et al., 2016) . We added 100 µl of CAS solution to 100 µl of bacterial culture. We incubated this mixture at room temperature, in darkness for 30 min, and we measured the color change associated with the removal of iron (through the activity of siderophores) from the CAS solution using absorbance at 630 nm (Infinite 200 PRO, Tecan, Switzerland). We also measured bacterial density using OD at 600 nm in the samples before the CAS solution had been added, and we calculated iron-chelating activity as
, where A = absorbance at 630 nm of the assay mixture (Supplementary Figure S1) .
Competition Experiments
We performed competition experiments between our three bacterial strains (Pf2, Pf3, and Pf2 gacA) (Figure 1 ). These strains were grown both separately and mixed together in direct competition, in both presence and absence of D. discoideum, and in two different environments: relatively iron rich and iron poor. In order to perform these competitions we harvested D. discoideum amoebae after 40 h of growth and re-suspended them in KK2 with a density of 10 7 amoebas per milliliter. We grew overnight cultures of Pf2, Pf3, and Pf2 gacA and diluted each to an OD 600nm of 1. When strains were grown in the presence of D. discoideum, we plated 100 ul of the amoeba suspension with 100 ul of either a single strain or 50 ul of both competing strains (making a total of 100 ul). When strains were grown in the absence of D. discoideum, we substituted the addition of amoebae with 100 ul KK2. We plated these various combinations of P. fluorescens and D. discoideum on CAA agar supplemented with either 100 uM FeCl 3 (for relatively iron rich environments) or with 20 mM NaHCO 3 (sodium bicarbonate) and 100 µg/ml human apo-transferrin (for relatively iron poor environments), with six replicates for each unique combination. These combinations include the presence and of D. discoideum, in iron rich and iron limited media, for all three strains growing separately and pairwise competitions between Pf2 vs. Pf3 and Pf2 vs. Pf2 gacA. In order to correct for effects that iron rich and iron poor media might have on D. discoideum growth, we grew amoebae in both conditions supplementing both with our standard laboratory food bacterium K. pneumoniae, finding no difference in growth between iron rich and iron poor media (Supplementary Figure S2) .
We incubated the plates at room temperature for 96 h. We subsequently harvested both bacteria and amoebae by flooding individual plates with 5 ml of KK2 and then re-suspended each mixture in 15 ml falcon tube. We then performed a low gravity spin (3 min at 310 rcf) to separate the bacteria from the amoebae. We counted both amoebae and bacteria using flow cytometry (BD Accuri C6). We stained bacterial samples with SYTO-62 (Thermo Fisher) in order to obtain a total count of the bacterial population and the numbers of Pf3 and Pf2 gacA could easily be differentiated because they express YFP. Additionally we added cell-counting beads (Thermo Fisher) to each sample to standardize counts between samples.
Flow Cytometry and Statistical Analyses
Flow cytometry data were analyzed using Bioconductor (Gentleman et al., 2004) as previously described (Smith et al., 2016) . We used a linear model to analyze our bacterial density data. We used the presence and absence of iron, the presence and absence of D. discoideum, strain identity, and whether strains were grown/competed together or separately as factors (fixed effects) to explain bacterial density (bacterial density ∼ Strain comparisons include Pf2 and Pf3 compared to Pf2∆gacA across the whole data-set and specific strain comparisons for each condition. These strain comparisons combined the data from Pf3 and Pf2∆gacA, as there was no significant difference between these strains, and were compared to Pf2. Comparisons were either unpaired or paired t-tests depending on whether the strains where grown separately (unpaired) or together (paired).
Frontiers in Microbiology | www.frontiersin.orgiron * strain * D. discoideum * competition). T-tests were used to compare between strains in the different conditions and listed in Table 3 . All statistics were performed in R version 3.2.3 (R Core Team, 2015).
RESULTS
Our results reveal a context-dependent pattern of competitive fitness between Pf2 and Pf3 that depend on two environmental conditions: the presence of iron and D. discoideum that support four out of our five initial predictions (summarized in Table 1 ).
As predicted, we find that the Pf2 gacA mutant and Pf3 behave similarly across all our experimental treatments and reach similar bacterial densities (t = −1.18, p > 0.24) (Figure 2 and Table 3 ). This suggests that although Pf2 and Pf3 differ by over 100 SNPs, their growth and competitive abilities under these experimental conditions can in large part be explained by a non-functional GacS/GacA regulatory system (Stallforth et al., 2013) . This is perhaps somewhat unsurprising as the GacS/GacA regulatory system is responsible for regulating up to 10% of the P. fluorescens genome (Hassan et al., 2010) , but represents an interesting example of a single mutation conferring large competitive fitness effects that vary considerably over different environments. However, it is also important to note that changes to the GacS/GacA system may affect more than just pyochelin production and edibility, so some of the competitive fitness differences we observe may be due to other functions of GacS/GacA. We also find that when the strains are grown separately, we see a clear correspondence to our initial predictions. Pf2 grows better in iron-rich media in the presence of D. discoideum compared to Pf3 (t = 6.68, p < 0.002) (Figures 2A, 3A and Table 3 ), probably because Pf3 is eaten by D. discoideum under these conditions and Pf2 presumably does not pay the cost of producing siderophores that are not needed (Ross-Gillespie et al., 2007; Kummerli and Brown, 2010) . This contrasts to environmental conditions where iron is limiting and no D. discoideum is present as now Pf3 reaches higher densities compared to Pf2 (t = −8.2, p < 0.001) ( Figure 2D and Table 3 ), presumably as Pf3 is able to obtain more iron from the environment through the overexpression of siderophores and because it also probably avoids Pf2's costs of predator defense (Steiner, 2007; Jousset et al., 2010) .
In the cases where each strain is expected to be favored by one of the two environmental variables, somewhat surprisingly we found that Pf3 outcompeted Pf2 in both these sets of conditions when grown separately (iron-rich with no D. discoideum (t = −4.82, p < 0.001) and iron-limited with D. discoideum (t = −8.2, p < 0.001) (Figures 2B,C and Table 3 ). Pf2 gacA's ability to reach higher final densities in the iron-rich conditions where no D. discoideum is present shows that the GacS/GacA mutation confers a simple growth yield advantage under these conditions. In iron-limited environments with D. discoideum Pf3 should suffer from predation by the amoebae, but we again find that Pf3 reaches higher final densities which can likely be explained by a combination of the growth enhancing effects of over expressing siderophores and amoebae's poor growth in the presence of Pf3 under these conditions ( Figure 3B and Table 1 ), which reduces their predatory ability. This reduction in growth might be in part due to expression changes in Pf3 under these conditions, which affect amoebae growth.
When Pf2 and Pf2 gacA are grown together in iron-rich media without the presence of D. discoideum, conditions that can either favor both Pf2 or Pf gacA, we see that Pf2 gacA outcompetes Pf2 and reaches higher final densities (t = −2.21, p < 0.049) ( Figure 2B and Table 3 ). This is the same result as when the strains are grown separately, again illustrating that the gac mutation confers some general growth yield advantage in iron-rich conditions. This increase in final density observed in Pf3 and the Pf2 gacA mutant (Pf2 gacA) may help explain the relatively frequent occurrence of gac mutants in nature (Driscoll et al., 2011) , which may simply be due to direct fitness benefits in some environments through drastic expression changes.
When Pf2 and Pf3 are grown together in iron-rich environments in the presence of D. discoideum Pf2 reaches final higher densities because the amoebae predate on Pf3, as seen when grown separately (t = 4.62, p < 0.001) (Figures 2A, 3A and Table 3 ). However, under iron-limited conditions where no D. discoideum is present, Pf2 is now able to outcompete Pf3 when grown together by using the siderophores produced by Pf3 (t = 13.36, p < 0.001), in this case displaying completely differing competitive abilities compared to when they are grown separately. Competition between Pf2 and Pf3 under these conditions is presumably dominated the social interactions of pyochelin use. Although Pf3 has an advantage when grown separately as it over-expresses the iron chelating pyochelin, which is advantageous during iron limitation ( Figure 2D and Table 1) , in direct competition, our results seem to indicate that Pf2 is able to utilize the excess pyochelin produced by Pf2, acting like a social cheater. This interaction is particularly interesting because previous studies have identified gac mutants that act as social cheaters (the opposite of our findings, although other studies have also shown gac mutants to be adaptive (Driscoll et al., 2011) , benefitting from a variety of cooperative behaviors without paying any associated costs (Jousset et al., 2009) .
Somewhat more puzzling are our results when Pf2 and Pf3 are grown together under iron limitation and in the presence of D. discoideum. Both these environmental variables should favor Pf2, as it should be able to utilize the over expressed siderophores produced by Pf3, which in turn should be eaten by D. discoideum. Instead we see the opposite results of our predictions, with Pf3 outcompeting Pf2 (t = 4.88, p < 0.001) ( Table 3 ), suggesting that these environmental variables (i.e., the presence of D. discoideum and absence of iron) that are individually beneficial to Pf2, reduce each other's effects in an predator-by-environment (G × E × E) interaction (Thompson, 1999; Wade, 2007) . The biological rationale for this interaction is unclear. However, it is interesting to note that D. discoideum, which performs relatively poorly under iron limitation, grows better in the presence of Pf2 (Figure 3B) . Previous work has identified that Pf2 produces chromene, a compound that actively increases D. discoideum growth (Stallforth et al., 2013) , but it could be equally plausible that expression changes in Pf2 under iron limitation render it edible thereby increasing D. discoideum growth and reducing it's competitive advantage compared to Pf3.
DISCUSSION
Competition between these two different bacteria (Pf2 and Pf3/Pf2 gacA) then, largely seems to rely on the environmental conditions they experience. Neither the presence of iron nor D. discoideum could alone predict the competitive success of these competing bacteria, and the interactions of these two environmental conditions created unexpected outcomes. When grown separately, Pf2 reached higher densities (than Pf3 and Pf2 gacA) only in one treatment condition (iron-rich media and in the presence of D. discoideum, Figure 2A) . However, when Pf2 is in direct competition with Pf3, it outcompetes it in two of the four treatments (Figures 2A,D) , suggesting that these strains may only be able to coexist in fluctuating environments.
It is also important to note that we have only tested the competitive abilities of Pf2 and Pf3 under relatively simple environmental conditions and more complex, natural environments may allow for stable coexistence (or at least less drastic differences in competitive fitness). However, these conditions (iron limitation and D. discoideum) are likely to be extremely important in both the ecology and evolution for both strains. Both strains were isolated together from D. discoideum, and only one of them (Pf3) is edible. Furthermore, during the characterization of these strains, one of the largest differences in the secreted chemical profiles was the drastically increased expression of pyochelin, important for iron acquisition in iron-limited environments (Stallforth et al., 2013) .
We have also not considered other ecological factors such as negative frequency dependent selection and snowdrift dynamics, which may play an important role in determining the outcome of this competition (Ross-Gillespie et al., 2007; Gore et al., 2009 ). In the case of public goods production, it has previously been shown that siderophore cheaters perform better when rare in the population (Ross-Gillespie et al., 2007) . However, negative frequency dependent selection through predation may be equally important for Pf3: It may suffer the effects of predation more when common (Allen, 1988) . Similarly, density dependent effects on both D. discoideum and the P. fluorescens strains can also have important consequences for this competition. For example, siderophore cheaters perform better under high population densities (RossGillespie et al., 2009) . Taken together these frequency and density dependent interactions might result in interesting and potentially complex feedback loops, which allow both strains to stably coexist.
These fluctuations in bacterial fitness, which depend on D. discoideum and iron, may provide some insight into the conditions that led to the evolution Pf3 from the ancestral Pf2 strain (Stallforth et al., 2013) . In particular, it is difficult to explain why a mutation that renders a Pf3 edible should persist. However, our results suggest that the fitness effects of Pf3's edibility depend on environmental context, and mutations in gacA may provide other benefits such as an increased growth rate irrespective of environmental conditions. Moreover, iron is likely to be relatively important nutrient for both P. fluorescens strains, with its patchy distribution within soil and low bioavailability (Kraemer, 2004) , favoring adaptions that increase iron acquisition such as the up-regulation of pyochelin production (Dumas et al., 2013) . However, it is important to note that there may also be some benefit to edibility because D. discoideum is able to disperse bacteria to new habitats, providing bacteria with new sources of food (Brock et al., 2011; DiSalvo et al., 2015) . This suggests that differences between Pf2 and Pf3 may in part be due to transition from a specialized and mutualistic association between Pf2 and D. discoideum to a free-living environmental generalist in Pf3.
More generally our results suggest that making predictions about the microbial composition and competitive ability, even in the extremely simple microbiome of D. discoideum, is challenging not just because of species interactions but also because of predator-by-environment (G × E × E) interactions (Thompson, 1999; Wade, 2007) . Nevertheless, with the increasing interest in understanding how complex mammalian microbiomes respond to changing environments and medical interventions, using ecological and evolutionary theory to test how simple microbiomes respond may offer the best hope for beginning to understand these kinds of inter-species interactions.
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